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1. Introduction
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The Birth of the Neutrino

experiment: continuous ββββ-decay spectrum
Pauli: energy-momentum conservation
���� postulate new particle
� invisible, since Q=0
� spin ½, ...
Letter to Tübingen Dec. 1930 …
… will never be detected

W. Pauli

Before 1930: neutron ���� proton +e-

2-body decay ���� monoenergetic spectrum expected

• Cowen & Reines 1954-56 project ``poltergeist‘‘
���� detection of reactor neutrinos
���� Nobel price for F. Reines 1995
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Neutrino Sources & New Physics

�Sun

�Earth

�Atmosphere

Reactors��Cosmology

Accelerators�
Laboratories

Astronomy: �
Supernovae
UHE ν‘s
...



M. Lindner TASI 2006 5

Physics Beyond the Standard Model
Theoretical arguments:
SM does not exist without cutoff
Higgs-doublett = only simplest extension
Gauge hierarchy problem
Why: 3 generations , fermion representations
Many parameters (9+? Masses, 4+? Mixings)
Charge quantisation, unification: GUTs, ...,
Gravitation, ...

Experimental facts:
• Dark Matter & Dark Energy exist!
• Neutrino masses have been detected!
• Baryon asymetry of the universe �������� mνννν> 0
� physics beyond the standard model
� results �������� implications for theory

2 directions: Sym. breaking &  Flavour
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New Physics Beyond the SM

gauge 
bosons

Higgs  

quarks
leptons

experimental facts:
Dark Matter 
Dark Energy
baryon asymetry��������mνννν> 0
neutrino masses & mixings
���� precision

astrophysics
& cosmology

gauge hierarchy problem:
δδδδmH

2 ~ ΛΛΛΛ2

SUSY  
~TeV

flavour problem: 3 generations
many parameters (mi ,mixings)
unification into GUTs

mνννν=(mD)TMR
-1mD

~ΛΛΛΛGUT
+seesaw



2. Neutrino Masses
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Parameters for 3 Light Neutrinos
mass & mixing parameters: m1 ,  ∆∆∆∆m2

21, |∆∆∆∆m2
31| , sign(∆∆∆∆m2

31)

diag(eiαααα,,,,    eiββββ,1),1),1),1)   
      

   

normal              inverted
hierarchical or degenerate

questions:
���� Dirac or Majorana
���� absolute mass scale: m1
���� mass ordering: sgn(∆∆∆∆m2

31) 
���� how small is θθθθ13, θθθθ23 maximal? 
���� leptonic CP violation
���� LSND �������� sterile neutrino(s)
���� L/E pattern of oscillations

ννννe ννννµµµµ   

      

   

ννννττττ
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4 Ways to measure Masses & Mixings

4 different methods:
• kinematical
• lepton number violation �������� Majorana
• astrophysics & cosmology
• oscillations
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4 Ways to measure Masses & Mixings

4 different methods:
• kinematical
• lepton number violation �������� Majorana
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Summary:Kinematical Mass Determination
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4 Ways to measure Masses & Mixings

4 different methods:
• kinematical
• lepton number violation �������� Majorana
• astrophysics & cosmology
• oscillations
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Mass Parabolas

even-even

odd-odd

Ground states of even-even nuclei: 0+
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Lepton Number Violation & 0νννν2ββββ Decay

Majorana νννν ���� 0νννν2ββββ decay

ν

-

ν ν

-

2νννν2ββββ decay     76Ge:  ττττ=1.5 × 1021 y

2νννν2ββββ decay

0νννν2ββββ decay 0νννν2ββββ 

  

 

{{{{
Majorana neutrinos

{{{{
lepton number violation
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Neutrino-less Double ββββ-Decay

ν

-

Majorana νννν ���� 0νννν2ββββ decay Heidelberg-Moscow experiment

< 0.35 eV ?

| |

���� free parameters: m1 , sign(∆∆∆∆m2
31) , CP-phases ΦΦΦΦ1, ΦΦΦΦ2
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�better experiments are important �������� L-violating effects

sensitivity aim: |<m>| > 10-2 eV �������� inverted hirarchy & eV05.0|| 2
31 ≈∆m
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New Experiments
Approved:
• CUORE (Te-130) 
• GERDA (Ge-76) 

Planned:
• Majorana
• EXO
• MOON
• Super-NEMO
• ...
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Phases and Physics reach of GERDA

| m
ee

| i
n 

eV

Lightest neutrino (m1) in eV

F.Feruglio, A
. S

trum
ia, F. V

issani, N
P

B
 659

Phase I:

Phase II:

Phase III:

ME from Faessler���� P-I: 0.31 eV, P-II: 0.12 eV; P-III: 0.02 eV
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4 Ways to measure Masses & Mixings

4 different methods:
• kinematical
• lepton number violation �������� Majorana
• astrophysics & cosmology ���� see next section
• oscillations
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Cosmology and Neutrino Mass
• νννν‘s are hot dark matter ���� smears structure formation on small scales

•WMAP+2dFGRS + Lyαααα
���� mass bound:   ΣΣΣΣmνννν< 0.7 ... 1.2 eV
• 3333 

  

 degenerate neutrinos
���� mνννν < 0.4 eV future improvements: ~factor 5...
• comparison with KATRIN, 0νννν2ββββ, LSND

fνννν=ΩΩΩΩνννν/ΩΩΩΩmatter
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4 Ways to measure Masses & Mixings

4 different methods:
• kinematical
• lepton number violation �������� Majorana
• astrophysics & cosmology
• oscillations
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Neutrino Oscillations



M. Lindner TASI 2006 23

Different Levels of Complexity

Oscillations can involve 2 or 3 neutrinos in vacuum or matter
�4 possibilities:

2νννν oscillation in vacuum

2νννν oscillation in matter         3νννν oscillation in vaccuum

3νννν oscillation in matter 
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Neutrino Oscillations for N=2

x
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Neutrino Oscillations in QFT

Neutrino propagator in ultra-relativistic limit ���� eipx

QFT derivation: Avoids confusion (factors of two…, etc.) 
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x
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x
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Two Neutrino Oscillations

2 Neutrinos: ννννe,ννννµµµµ

2νννν-transition-
probability:

ννννe , ννννµµµµ  

    

  

,,,,    ννννττττ ���� 9 oscillation channels for neutrinos
ννννe , ννννµµµµ  

    

  

,,,,    ννννττττ ���� 9 channels for anti-neutrinos ( assuming 3νννν 

  

 !!!!    )
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2 Flavour Exclusion Limits

����

Inbetween: Oscillation + energy smearing
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Possibilities:
• different neutrino flavours
• B0 �������� B0    K0 �������� K0

• neutrinos �������� anti-neutrinos
• neutron �������� anti-neutron
• different charged lepton flavours
• within up and down quark flavours

Other Oscillation Phenomena

__ __

Crutial:
- identical quantum numbers
- mixing

Requirements:
�

�

� new physics
� new physics
� new basis…
� distance…
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N > 2 with CP Violation and Matter Effects
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x

���� lengthy 3 flavour oscillation formulae
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Matter Effects and MSW Resonance

for beams
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Fierz
Transf.
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x

Note: A’ can not be eliminated if sterile neutrinos are present
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x
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x
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Analytic Approximations

Cervera et al.
Freund, Huber, ML
Akhmedov, Johansson , ML, Ohlsson, Schwetz

� analytic discussion / full simulations
� degeneracies, correlations ���� (sin22θθθθ13)eff
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Degeneracies, Correlations, ...

Fixed L/E ���� probabilities invarinat under transformations: 

• θθθθ23232323 ���� ππππ/2 – θθθθ23232323 Fogli, Lisi
P(ννννe����ννννµµµµ) not really invariant ���� compensation by small parameter off-sets

• ∆∆∆∆m2 ���� -∆∆∆∆m2 compensated by offset in δδδδ Minakata, Nunokawa

• P(ννννe����ννννµµµµ)=const. ���� δδδδ – θθθθ13 manifolds Koike, Ota, Sato & Burguet-Castell et al.

• ���� 8-fold degeneracy Barger, Marfatia, Whisnant

• parameter extraction suffers from correlations & degeneracies
• how to break degeneracies & correlations?



M. Lindner TASI 2006 40

Baseline & MSW Matter Effect
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The Magic Baseline

Huber, Winter
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Oscillations can involve 2 or 3 neutrinos in vacuum or matter
�4 possibilities:

2νννν oscillation in vacuum

2νννν oscillation in matter         3νννν oscillation in vaccuum

3νννν oscillation in matter 

Different Levels of Complexity

Nnow relevant

future
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Neutrino Oscillation Results: Overview

KamLAND solar
CHOOZ

atmospheric
+

K2K

neutrino
oscillation
signals

LSND?

∆∆∆∆m2
12=8.2 + 0.3 * 10-5eV2

tan2θθθθ12= 0.39 + 0.05
∆∆∆∆m2

23=2.2+0.6  * 10-3eV2

tan2θθθθ23= 1.0 + 0.3

sin2θθθθ13 < 0.041  @ 3σσσσ

CHOOZ

Maltoni, Schwetz, Tortola, Valle

���� approximately two 2x2 oscillations
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ν µ

ν e ?

ν e p→ e+n

µ+ → e+νeν µ

p→ π +

π + → µ +ν µ

LSND
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LSND claims Oscillations

3+1 � tension in global fits
3+2 OK, 3+N ��cosmology
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Atmospheric Oscillations @SuperK
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L/E Dependence: Atmospheric Oscillations

decoherence

decay

oscillation „dip"

oscillation

L/E dependence
smeared out!



M. Lindner TASI 2006 48

Result:
• 4.4σσσσ for decay
• 4.8σσσσ for de-coherence
• ∆∆∆∆m2=2.4 10-3eV2

��������long baseline exp.

Bad L/E resolution for:
• horizontal events (dL/dcosθθθθ is big!)
• events with small energy

�cuts in the E-cosθθθθ plane

SK I + II (preliminary)
decoherence decay oscillation
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K2K confirms atmospheric ∆∆∆∆m2

without oscillation
oscillation with ∆∆∆∆m2

atm
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First Indications from Solar Neutrinos 

Ga���� Cl���� H2O����

Before ~2000
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Solar νννν´s: NC, CC, ES Rates from SNO

)-1 s-2 cm6 10× (eφ
0 0.5 1 1.5 2 2.5 3 3.5

)
-1

 s
-2

 c
m

6
  1

0
×

 ( τµφ

0

1

2

3

4

5

6

 68% C.L.CC
SNOφ

 68% C.L.NC
SNOφ

 68% C.L.ES
SNOφ

  68% C.L.ES
SKφ

 68% C.L.SSM
BS05φ

 68%, 95%, 99% C.L.τµ
NCφ

SSM 
68%CL

SNO NC
68% CL

SNO ES
68% CL

SNO CC
68% CL

SK ES
68% CL

ΦΦΦΦCC = ΦΦΦΦe
ΦΦΦΦES = ΦΦΦΦe + 1/6 ΦΦΦΦµτµτµτµτ
ΦΦΦΦNC = ΦΦΦΦe + ΦΦΦΦµµµµ + ΦΦΦΦττττ

Clear proof of flavour conversion
Independent of SSM �������� test of SSM!
No conversion and conversion to sterile νννν’s excluded by many sigma
~ no L/E dependence



M. Lindner TASI 2006 53

KamLAND tests solar Oscillations

Kamioka

KamLAND

<L>~180km
<L>~180km

26 power reactors are located in narrow band at L~180km from 
KamLAND, producing 80GWth, 7% of World reactor power !!

Contribution from overseas 
Korea 2.46%
Other countries 0.7%
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Neutrino Detection at KamLAND

ννννe
p

e+e−

n

p

d

γγγγ(0.51)

γγγγ(0.51)

γγγγ(2.2)

prompt e+ signal

delayed γγγγ from 
neutron capture

position & time correlation
and delayed energy information
���� enormous background reduction!

[Eν≥1.8MeV]

Te++annihilation
=Eν−0.8MeV

~210µµµµs

Te+

+ p e+ + nνe



M. Lindner TASI 2006 55

flux ~1/L2 + oscillations?

e

Compare to solar oscillations:
• rate consistent
����tests solar oscillations

with reactor anti-νννν‘s

• excludes RSFP (no B fields)
• ~ excludes CPT-violation �������� LSND
• rate effect & some L/E sensitivity
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KamLAND Results

Best fit to latest results (2005):
∆∆∆∆m2 = 7.9+0.6

-0.5����10-5 eV2 

tan2θθθθ = 0.46

some L/E dependence
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Testing Solar L/E with KamLAND

rate plus shape ����
oscillations at 99.999995% CL

Best fit: ∆∆∆∆m2=7.9+0.6
-0.5����10-5eV2

tan2θθθθ=0.46

improved tests of L/E:

• Super Kamiokande
• KamLAND
• MINOS
• …
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KamLAND Implications

good θ12 sensitivity

poor θ12 sensitivity

�KamLAND is not
in the ideal place!

���� optimal ~ 80 km

�New reactor experiments at ideal location(s) 
� better θθθθ12 sensitivity
� better ∆∆∆∆m2 sensitivity
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Neutrino Oscillations Status Summary

KamLAND solar
CHOOZ

atmospheric
+

K2K

neutrino
oscillation
signals

LSND?

∆∆∆∆m2
12=8.2 + 0.3 * 10-5eV2

tan2θθθθ12= 0.39 + 0.05
∆∆∆∆m2

23=2.5+0.6 * 10-3eV2

tan2θθθθ23= 1.0 + 0.3

sin2θθθθ13 < 0.041  @ 3σσσσ

CHOOZ

Maltoni, Schwetz, Tortola, Valle

���� approximately two 2x2 oscillations


